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History of battery research at LBNL
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Energy/power Interplay [zl
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Fuel Cells

EV goal . EV — Electric Vehicle
o HEV — Hybrid-Electric
PHEYV goal Vehicle
i L o PHEV- Plug-in Hybrid-

Lead’lv-A’cid
10 h

Electric Vehicle

Capacitors

Specific Energy (Wh/kg)

10° 10° 10"

Specific Power (W/kg)

Acceleration Source: Product data sheets

* Time of discharge a critical parameter for choice of storage system
*For storing of renewable energy, weight or volume not as critical (atleast in the US).

* Grid storage cuts across all times of discharge. See http://
www.electricitystorage.org/ESA/home/
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Status of batteries for vehicles —

Specific Power-Discharge (300 W/kg) Specific Power-Discharge (315 W/kg)

Operating Temperature 140 Operating Temperature ¢
Range (-40 to +50 °C) 2 Specific Energy-C/3 (150 Range (-40 to +50 °C) 120 Specific Energy-C/1 (96 Wh/

Production Price @10k/yr 1 Power Density (460 Production Price @10k/yr : Power Density (475 W/liter)

($150/kWh) W/liter) ($300/kWh)

ergy Density-C/3 (230 ;
oy r)‘”“ il Calendar Life (10 years) nergy Density-C/1 (145
iy e

Source: U.S. DOE Cycle Life-80% DOD (3,000 cycles)

= FreedomCAR Goals ~®= Jithium-ion

EV Status PHEV Status

*Batteries are a compromise between performance, cost, life, and
safety
* Requirements not as well defined for grid-storage applications

‘LAs of today, no one chemistry has all the necessary attributes
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Cost of consumer electronics batteries LS

Lawrence Berhafey Natonsl Laber story

S/kWh Cost Trend in Japan — Small Rechargeable Cells
Averaged Across Sizes

NiMH

NiCd

Li-ion

* Lead acid

JlM IS IJlM |S IJlMlS |J|M|S IJ|M|S|J|M|S|J|M|S|J|M|S

1999 2000 2001 2002 2003 2004 2005 2006

Source: TIAX, based on METI data
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Cost of consumer electronics batteries LS

Lawrence Berhafey Natonsl Laber story

S/kWh Cost Trend in Japan — Small Rechargeable Cells
Averaged Across Sizes

Cost of vehicle battery pack

NiMH

NiCd

Li-ion

* Lead acid

JlM IS IJlM |S IJlMlS |J|M|S IJ|M|S|J|M|S|J|M|S|J|M|S

1999 2000 2001 2002 2003 2004 2005 2006

Source: TIAX, based on METI data
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Cost of consumer electronics batteries LS

Lawrence Berhafey Natonsl Laber story

S/kWh Cost Trend in Japan — Small Rechargeable Cells
Averaged Across Sizes

Cost of vehicle battery pack

80 _
NiMH

600 , . NiCd

Li-ion

40
EV Goal

20 * Lead acid

Grid storage;
I I I I I I I I I I I I I I I I I I I I I I I

goal J MsS JMS JMS JMS JMS JMS J MS J MS
1999 2000 2001 2002 2003 2004 2005 2006

Source: TIAX, based on METI data

B e o ki . B T R T O N T T N T TR
A Li-ion battery, as it is made today, will not be cost effective |
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Systems under consideration werr
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Systems under consideration =l
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Flow batteries-Low energy density |
Lower cost for larger systems
Longer discharge times
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~ Container batteries- High energy density |
Cost scales with size.
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Batteries considered for grid-scale storage ——

Lowrerce Bertatey Natonsl Laber story

System Ratings

Installed systems as of November 2008

CAES Compressed air
EDLC Dbl-layer capacitors
FW Flywheels

/A Lead-acid

Li-lon Lithium-ion

Na-S Sodium-sulfur
Ni-Cd Nickel-cadmium
Ni-MH Nickel-metal hydride
PSH  Pumped hydro

VR Vanadium redox
Zn-Br Zinc-bromine
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How does a battery operate! @1

Cobalt oxide

LiCoO,—Li*+e+Co0O, ;‘J

Electrolyte:
LiPF, in Ethylene carbonate/

diethyl carbonate

Lit+e+C—LiC, Graphite ;.J 5

0.4 0.6 0.8
x in Li, C, ory in Li, 5,,Co0O,
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How does a battery operate! s_;DLJ

Electrolyte oxidation

LiCOOZ_’ Li++e'+CoOZ ;‘J

Electrolyte:
LiPF, in Ethylene carbonate/

diethyl carbonate

Lit+e+C = LiC, Graphite ;.J :

0.4 0.6 0.8
x in Li, C, ory in Li, 5,,Co0O,
Lithium deposition
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How does a battery operate! s_;DLJ

Electrolyte oxidation

LiCOOZ_’ Li++e'+CoOZ ;‘J

Electrolyte:
LiPF, in Ethylene carbonate/

diethyl carbonate
Solvent reduction- SEl formation

Lit+e+C = LiC, Graphite ;.J :

0.4 0.6 0.8
x in Li, C, ory in Li, 5,,Co0O,
Lithium deposition
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How to design a battery? =l

® | BNL has pioneered the use of mathematical tools
to design batteries

- «— Fully Optimized

3 h;
1 L,=350 um, €,=0.17

Optimized for 1 h;
L.=250 um, €,=0.25
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Models as a comparative tool B_;:L'

Li/LiNi, ,Co, ;Mn, ;0,(4.3 V)
. I I‘ T |

. .- EV pack goal

-+~ Gr/LiMn,O, .-~
3h L .
' Gr/LiFePO, |

PHEV-20
Gr/LiNy, ,Co,;Mn, .0, .-~ »
(charged to 4.3 V) PHEV'40
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e Cost, life, and safety also need to be considered
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Energy/power interplay =i
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Fuel Cells
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Source: Product data sheets
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Lowrerce Bertatey Natonsl Laber story

Fuel Cells
EV goal -

’ PHEYV goal

) Ni-MH
Lead’lv-A’cid '
10 h -
. Flow Bafc,tenes
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10° 10° 10"

Specific Power (W/kg)

Acceleration Source: Product data sheets

* Flow batteries not high in energy density
* However, for large discharge times, they can be made very
Inexpensive
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How to choose a flow battery? L

|. Need chemicals that are inexpensive

2. Need system with high reversibility
3. Need inexpensive catalyst and membranes

4. Need a high power device

* Higher the power, smaller the amount of catalyst and
membrane

* Present day flow batteries ~ 50-100 mW/cm?. Need W/cm?
5. Chemistry should not lead to structural changes (e.g., plating)

6. Safety critical, especially considering the size of the units

 Flow batteries are also all about compromise

—— = e —
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The LBNL approach ol

® Choose chemicals that are inexpensive and abundant

® Ensure that chosen chemistry is highly reversible

® Design the battery to ensure that very high power can
be obtained

— = H2(SR:3)/E'lyte(18ml/min.cm?) l
—#A— |R-corrected voltage
Electrolyte: 0.3M Br /1M HBr at 25°C
S 5
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0.60 0.80 1.00 1.20 1.40

Current density (Alcmz)
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Summary )

® Choice of battery depends on the application

» A chemistry that is ideal for, say, vehicle
applications, may not be the best for grid storage
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Summary )

applications, may not be the best for grid storage
® |t takes ~|0 years for a battery to develop from
research to commercialization
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Summary )

® Choice of battery depends on the application

» A chemistry that is ideal for, say, vehicle
applications, may not be the best for grid storage

® |t takes ~10 years for a battery to develop from
research to commercialization
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Summary )

applications, may not be the best for grid storage

® |t takes ~10 years for a battery to develop from
research to commercialization
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More information |

® Batteries for Advanced 2= @nercy

BATT Batteries for Advanced Transportation Technologies

Transportation Technologies N

The BATT Program

(BATT) Program website: A

promier fundamental reseanch
program in the US, for
developing  high-performance,

http://batt.Ibl.gov/ e

This program S supporied by
the U.S. Department of Energy
Office of Vehwdle Tedhnologies
(OVT) and s managed by e
Lawrence Berkeiey National
Laboratory (LBNL) as port of
ks Carbon Cycle 2.0

PBative. BATT Isvestigatons in
0 research uryversities and
PELRtONE work On six Task
Areas: Anodes, Cathodes,
Electrolytes, Cell Analysis,
Diagno nd Mod g

® Blog on batteries, N

“This week in batteries™: e —

the last fow months. The reason is that we brought a house and the move
from the apartment 10 our new place has been a bit of a time sk,

°
h tt P ) // First we went through the four stages of bome buying:

Stage |: What the &%#@ do you mean they accepted our bid? 1 thought you

thisweekinbatteries.blogspot. e
com/

giving you a check?
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